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Abstract 21
Waste materials from metal mining, such as mineral tailings, often contain significant amounts 23 of potentially valuable metals particularly where, as in many historic operations, the efficiency 24 of flotation technologies used to concentrate target minerals was not as good as those 25 currently available. A two-stage mineral leaching and metal recovery protocol was developed 26 to extract copper from tailings generated as waste materials in two mines currently operating 27 in Spain and Serbia. The most effective extraction of copper (84 to >90%) was achieved by 28 bioleaching the tailings at 45ºC, using a defined microbial consortium, where elemental sulfur 29 was added to the tailings and the pH of leach liquors allowed to fall to ~ pH 1, at which point 30 anaerobic conditions were imposed. The thermo-tolerant acidophiles Acidithiobacillus caldus 31
and Sulfobacillus thermosulfidooxidans emerged as the dominant bacteria present in both 32 tailings leachates under these conditions. Copper present in the pregnant leach solutions 33 (PLS) produced were next precipitated as a sulfide phase using hydrogen sulfide generated 34 in a low pH (4.0) sulfidogenic bioreactor. The off-line system used allowed the copper present 35 in PLS to be precipitated selectively without the need to adjust the pH of the PLS, though small 36 amounts of silver present in PLS from one of the tailings samples co-precipitated with copper 37 sulfide. Experimental data also suggested that it would be possible to extract silver from 38 bioleached solid residues (where it was mostly found) using a simple chemical extractant. The 39 results suggested that bio-processing these waste materials would have economic as well as 40 environmental benefits. (1.4 L for aerobic bioleaching, and 1.9 L for combined aerobic/anaerobic bioleaching), followed 143 by mineral tailings (5% pulp densities; w/v) and 100 mL of pre-grown microbial inocula. 144
Six bioleaching experiments were carried out in total, three with Bor tailings and three with 145 CLC tailings. These were: (i) aerobic bioleaching, carried out at 30°C and pH 1.7; (ii) aerobic 146 bioleaching, carried out at 45°C and pH 1.7; (iii) alternated aerobic/anaerobic bioleaching, 147 carried out at 45°C with an initial pH of 1.8 but with pH control removed and elemental sulfur 148 added to the tailings (at 2%, w/v) to act as an electron donor under both aerobic (for acid 149 production) and anaerobic (for ferric iron reduction) conditions. In the last set-up, the 150 bioreactors were aerated up to the point until the pH had declined to 1.0, at which point the air 151 was replaced with OFN. Samples were withdrawn from the bioreactors at regular intervals to 152 measure redox potentials and pH values (off-line), concentrations of soluble transition metals 153 (iron, copper, zinc, manganese), and also iron speciation. Low pH, continuous-flow sulfidogenic bioreactors (Fig. 1) were used as sources of 164 hydrogen sulfide (H2S) for precipitating copper present in PLS generated in the bioleaching 165 experiments described above. Details of the design and operation of these biosulfidogenic 166 reactors are given elsewhere (e.g. Ñancucheo and Johnson, 2012) . In brief, these were 2.2 L 167 (working volume) bioreactors coupled to FerMac 310/60 control units (Electrolab, UK), 168 maintained at pH 4.0 and fed with an acidic (pH ~ 2.5) liquid medium containing 5 mM glycerol 169 (the electron donor used by the sulfidogenic bacteria in the bioreactor). The H2S generated in 170 the reactor vessels was transported in a continuous flow of OFN into off -line gas bottles that 171 contained samples of PLS samples. 172 173
Biomolecular analyses 174 175
Liquid samples used to determine the compositions of microbial consortia using a 176 biomolecular approach were collected at the beginning and the end of the tailings leaching 177 experiments. Solutions were filtered through 0.2 µm size pore membrane filters until 178 saturation, and DNA extracted using MoBio "ultraclean soil DNA isolation kits", following the 179 manufacturer's instructions. Terminal restriction enzyme fragment length polymorphism (T-180 RFLP) analysis of bacterial and archaeal 16S rRNA genes was used to assess the microbial 181 compositions (Kay et al., 2014) . Terminal restriction fragment (T-RFs) were identified by 182 reference to those in the databank maintained at Bangor University. When bioleached aerobically at 30°C, ~ 35 % of the copper was extracted from CLC tailings 223 during the first two weeks, but after that time copper concentrations decreased alongside 224 those of soluble iron (Fig. 2a) , and the final copper concentration in the leach liquor was 225 equivalent to 32% extraction from the tailings. Although slightly higher concentrations of 226 soluble copper were found during the early stages of CLC tailings aerobically at 45°C (Fig.  227 2b), these subsequently declined, so that the final percentage of copper extracted (32.5%) 228 was similar to that obtained at 30°C. Concentrations of soluble iron were consistently much 229 lower in 45°C (and decreased notably after day 8) than in 30°C leachates (Fig. 2b) . The most 230 effective bioleaching of copper from CLC tailings was, however, obtained at 45°C in the 231 presence of added sulfur, pH control removed, and aerobic/anaerobic phases combined (Fig.  232 2c). Just before the gas supply was changed from air to OFN (at day 21) the copper 233 concentration was already twice that obtained at the same temperature when the pH was 234 maintained at 1.7. After switching to anoxic conditions, copper concentrations continued to 235
increase, but to a small extent, reaching a maximum of 304 mg/L (corresponding to 84.4% 236 copper extraction from the tailings). Zinc was also bioleached from CLC tailings, but very little 237 lead (~0.1%) was solubilised (data not shown). 238
As expected, there were major differences in iron speciation under the three bioleaching 239 regimes, which were reflected in EH values of the leachates. Virtually all of the soluble iron 240 was present as oxidised ferric iron in 30°C leachates, and EH values between days 10 and 27varied between +888 and +881 mV. Ferric iron was also the dominant soluble species present 242 in aerobic 45°C leachates, though significant concentrations of ferrous iron were also found 243 throughout the bioleaching period, corresponding to lower EH values of between +718 and 244 +816 mV. In complete contrast, ferrous iron was always the dominant species present (and 245 EH values less positive) when sulfur was added to the mineral slurry mix and pH was allowed 246 to decline under aerobic conditions. Some soluble ferric iron was present in the leach liquor 247 when this reactor was aerated, but this was rapidly reduced to ferrous when anoxic conditions 248 were imposed (Fig. 2c) with corresponding falls in EH values, from +652 mV to +580 mV. It is 249 interesting to note that total soluble iron concentrations increased (from 808 mg/L to a 250 maximum value of 952 mg/L) during the anoxic bioleaching phase, indicating that solid phase, 251 as well as soluble ferric iron, was reduced in this period. 252
Total percentages of copper, zinc and silver extracted from CLC tailings by bioleaching 253 under different conditions, are shown in Fig. 2d . Significant amounts of silver, and to a lesser 254 extent of copper, were extracted chemically from mineral residues (i.e. following bioleaching), 255 as shown in Table 2 . The total amount of copper extracted from CLC tailings by a combination 256 of bioleaching under aerobic/anoxic conditions and chemical treatment of solid residues was 257 ~ 86%. However, far less silver was recovered under this regime than in both situations where 258 the bioreactors were continuously aerated and maintained at pH 1.7. Table 2 also shows that 259 99% of the silver and 61% of the copper appeared to be extractable from non bio-processed 260 tailings using NaCl/HCl. The latter also extracted ~9% of the lead present in the fresh tailings, 261 and 6.6 -7.5% of that in the bioleached mineral residues. 262 263
Bioleaching of Bor tailings and recovery of metals from solid residues 264 265
Extraction of copper (~ 55%) was similar when Bor tailings were bioleached at 30° or 45°C 266 at pH 1.7 and in constant aerobic conditions ( Fig. 3a and 3b) . As with CLC tailings,highest percentage of copper extraction was obtained when Bor tailings were bioleached 270 under conditions of no pH control and phases of oxic and anoxic conditions. The pH in this 271 bioreactor fell more rapidly than in the case of CLC tailings, to <1.0 within 10 days. Redox 272 potentials declined subsequently from +630 mV to +588 mV, and concentrations of soluble 273 copper continued to increase. In contrast to bioleaching of Bor tailings carried out at the same 274 temperature by under constant aeration and pH 1.7, concentrations of soluble iron and copper 275 did not decrease at any stage when Bor tailings were bioleached under "freefall pH" conditions. 276
In total >90 % of the copper was extracted from Bor tailings when bioleached at extremely low 277 pH and alternating aerobic/anoxic conditions (Fig. 3d) . Other metals were also more effectively 278 (e.g. ~ 99% in the case of zinc) extracted by low pH and combined oxidative/reductive leaching 279 (Fig. 3d) . Essentially all the manganese (~99%) present in Bor tailings was extracted in all 280 three of bioleaching tests (data not shown). 281
As was the case with chemical extraction of CLC bioleached solids, significant amounts of 282 silver, and to a lesser extent of copper, were extracted chemically from mineral residues, as 283 shown in Table 3 . The total amount of copper extracted from Bor tailings by a combination of 284 bioleaching at low pH and aerobic/anoxic conditions and extraction from solid residues was ~ 285 99 %. However, silver was not leached under any of the bioleaching experiments, but was 286 extracted from both non bio-processed tailings and bioleached solids (Table 3) . 287 of the silver present was co-precipitated with copper (Fig. 4) . During the formation of 295 copper/silver sulfides in the off-line gas bottle, the pH of the PLS declined slightly (from 0.94 
Compositions of microbial bioleaching consortia
299 300 Bacteria, but no archaea, were detected in PLS at the end of the bioleaching stage of the 301 experiments. Sb. thermosulfidooxidans was present in all bioleachates (with both mineral 302 tailings bioleached at 30° and at 45°C) and At. caldus in all experiments carried out at 45°C 303 but not at 30°C. The mesophilic consortium in CLC tailings bio-processed at 30°C was 304 dominated by At. ferrooxidans both at the beginning and at the end of the experiment, and Sb. 305 thermosulfidooxidans was also detected at the end. This was also the case for the parallel Bor 306 tailings reactor,
Discussion 318 319
Bioleaching of copper from CLC tailings was more effective at higher temperature (45°C) 320 than at 30°C, and was further enhanced by allowing the pH to fall to from 1.8 to 1.0 (due mostly 321 to oxidation of added elemental sulfur to sulfuric acid) and combining phases of oxidative and 322 reductive bioleaching. Similar results were obtained with the Bor tailings where the pH fell 323 more rapidly (and to <1.0) during the oxidative phase of bioleaching. Similar copper 324 concentrations were recovered during the 30 and 45 °C bioleaching. However, in the chemicalat 30 °C. Therefore, it can be assumed that less copper was extracted from the tailings leached 327 at 30 °C than at 45 °C, but somehow copper was precipitated in a non-soluble for that is not 328 susceptible to chemical extraction by the method used. 329
More than 80% and 90% of the copper present was extracted from CLC and Bor tailings, 330 respectively, by leaching under optimised conditions, which was 30 -40% greater than that 331 achieved by bioleaching under constant aeration and a fixed pH of 1.7. The rationale of 332 imposing an anoxic bioleaching phase was to determine whether this would induce additional 333 extraction of metals by promoting the bacterially-catalysed reductive dissolution of oxidised 334 minerals either present in the tailings or generated during the oxidative phase of bioleaching 335 enhance the bioleaching of chalcopyrite, and has in the past been added to facilitate this 351 process (e.g. Romero et al., 2003) . Copper concentrates sometimes contain sufficient silverany condition, though more was detected in aerobic 45°C leachates, which also generated 355 more secondary jarosite minerals than other protocols used, suggesting that argentojarosite 356 (Sasaki et al., 1995) was not a significant by-product. 357
The data obtained indicated that most of the silver present in fresh CLC tailings could be 358 extracted using a hot acidic saline solution (Romero et al., 2003) and that the same amount 359 was extractable from tailings that had been bioleached at 30°C. Much less silver was extracted 360 from CLC tailings that had been bioleached at 45°C, which may have been due to more being 361 solubilised at this higher temperature. Mass balance calculations showed a shortfall in silver 362 accounting however, particularly in the 45°C reactor that had been operated without pH 363 control. One possible reason for this was that concentrations of silver in bioleach liquors were 364 mostly at the level of sensitivity of the analytical technique used to measure them, and were 365 therefore subject to some degree of inaccuracy. 366
The compositions of the microbial consortia that developed in these bioleaching 367 experiments showed some degree of variation with temperature, pH and type of tailings. The 368 bacteria that were detected all have roles in mineral bio-processing, either (i) in catalysing the 369 oxidation of ferrous to ferric iron, the main chemical oxidant of sulfide minerals, or (ii) the 370 oxidation of sulfur coupled either to molecular oxygen, forming sulfuric acid, or (iii) the 371 reduction of soluble or mineral-phase ferric iron. Some of the microbial consortia data obtained 372 were much as had been anticipated, e.g. the dominance of the thermo-tolerant species Sb. 373 thermosulfidooxidans and At. caldus in the 45°C bioreactors, and of mesophilic iron-oxidising 374 Acidithiobacillus spp. in 30°C bioreactors. Other results were more unexpectedsuch as the 375 occurrence of Sb. thermosulfidooxidans in all 30°C, although as minority, as well as 45°C 376 bioreactor consortia. The most phylogenetically diverse consortia were found in the 45°C 377 bioreactors leaching Bor tailings (operated both with and without pH control) where three other 378 species (Ab. sulfuroxidans, Sb. acidophilus and L. ferriphilum) were found in addition to Sb.though it could relate to the fact that concentrations of copper (which is more toxic to some 381 acidophiles than others) in Bor leachates were far less than in than those in CLC leachates. only metal present that did co-precipitate (from CLC tailings leachates) was silver (which was 389 present in much smaller concentrations), as Ag2S has a smaller solubility product than CuS. 390
More than 1.5 million tonnes of mineral tailings are produced each year at the Cobre Las 391
Cruces mine. Given 85% extraction of copper (the maximum achieved in the current 392 bioleaching tests), 9.2 kilotonnes of metal could be produced (with a current value ~$44 million 393
US) from what is currently classed as a waste material. Additional revenue would come from 394 the zinc that could also be recovered by bioleaching (~$1.3 million US/annum). The question 395 of how much of the silver could be extracted and recovered economically needs to be 396 examined further. Data from the current study suggests that chemical extraction is a feasible 397 option, but that the process that is best for bioleaching copper produces a silver-depleted (or 398 at least, less extractable) mineral residue. 399 Stankovic et al. (2015) estimated that between 54,000 and 81,000 t of copper is present in 400 the old flotation tailings at the Bor mine. These authors used the acidic ferric iron-rich water in 401 the nearby Lake Robule to leach copper from these tailings, and extracted ~ 80% of that 402 present. More effective extraction (>90%) was achieved by bioleaching in the current 403 experiments, and the estimated total value of copper that could be extracted and recovered 404 from these old tailings using such an approach is between $225 million (US) and $337 million 
